Summary
Introduction
Chronic saline loading 11-12] and prior induction of acute renal failure It has been demonstrated that the mechanism whereby chronic saline loading or a prior eposide of acute renal failure reduces the severity of experimental acute renal failure is unrelated to an inhibition of the extra-and/or intra-renal reninangiotensin system [12, 18, 34-361. No common explanation for the protective effect of these manoeuvres is presently available. A high urine flow and massive solute diuresis are also known to ameliorate the course of acute renal failure without suppression of renin I371.
In many studies protection against acute renal failure was solely assessed by the resulting reduction in azotaemia and/or by a reduction in the subsequent impairment of glomerular filtration rate (GFR). This approach neglects, however, the alterations in tubular function which are an integral part of the syndrome [381. The present study examines the effect of chronic saline loading and of a prior episode of acute renal failure on GFR and proximal and distal tubular function in the glycerol model of acute renal failure [38,391.
Methods

Animals
Male Sprague-Dawley rats weighing between 225 and 325 g were used in all experiments. The animals ate regular Purina rat chow and had free access to tap water unless specified otherwise. Three experimental groups were studied, each consisting of weight-matched control and acute renal failure animals.
Group I: water drinking. This group consisted of eight control and 11 acute renal failure animals. The animals were not dehydrated before study. Myohaemoglobinuric acute renal failure was induced with glycerol as described below. Renal function and blood urea nitrogen levels were determined 24 h after injection of glycerol or NaCl solution (154 mmol/l:saline) as outlined below.
Group 2: saline-loaded. This group consisted of nine control and nine acute renal failure animals in the HCO; loading experiments and of 15 control and 19 acute renal failure rats in the glucose titration study. Before glycerol or saline injection all animals drank 1% NaCI for 5 weeks (saline loading) and continued to drink 1% NaCl solution for the 24 h after glycerol or saline injection, i.e. before the final clearance study. Plasma renin activity in 24 control animals was 2.5 & 0.4 and in 28 saline-loaded animals 0.2 0.04 ng h-' ml-' (P < 0401). Renin was determined by radioimmunoassay (Squibb, Princetown, NJ, U.S.A.).
Group 3: rechallenged. This group consisted of 10 control and six acute renal failure (glycerolrechallenged) animals in the HCO; titration experiments and of seven control and six acute renal failure animals in the glucose titration study. Glycerol or saline was injected in the muscles of both hindlegs at the beginning of the study and blood urea nitrogen was recorded before and 24 h after the first injection. Tail vein blood urea nitrogen was monitored daily in control and acute renal failure rats. Within 7-15 days (average 11 days) blood urea nitrogen in glycerol-injected animals had returned to control levels. At that time we assumed that the glycerolinjected animals had recovered from the first episode of acute renal failure. Subsequently these animals were re-injected with glycerol (rechallenged), and the controls received saline. Twenty-four hours later all animals were studied as described below.
Experimental model
Myohaemoglobinuric acute renal failure was induced by injecting 10 ml of glycerol/kg (50% glycerol in tap water) into the muscles of both hindlegs [351. Control animals were injected with an equal volume of saline (10 ml/kg intramuscularly).
All studies of renal function were carried out 24 h after the injection of glycerol or saline; group 3 animals were studied 24 h after the second dose of glycerol or saline. For the studies of renal function the animals were anaesthetized with Inactin (100 mg/kg, intraperitoneally) (Promonta, Hamburg, West Germany) and placed on a heated board. Their rectal temperature was maintained at 37-38OC. A tracheostomy was performed and two jugular veins and one carotid artery and the bladder were cannulated with PE-50 tubing. 
Glucose titration
In designated control and acute renal failure rats of groups 2 and 3 (see above) 50% glucose in water was infused after two to three control periods. The glucose infusion was increased in a stepwise fashion, allowing stabilization of plasma glucose at increasing levels. At each level of plasma glucose one or two samples were collected. We pointed out previously [381 that the integrity of proximal tubular transport can be most sensitively assessed by examination of the renal handling of either glucose or p-aminohippurate. In the present study we chose to examine glucose reabsorption only.
HCO; titration
In designated control and acute renal failure rats of groups 2 and 3 (see above), NaHCO, (0.9 mol/l) was intravenously infused after collection of two to three control samples. NaHCO, infusion was increased in a stepwise fashion, allowing stabilization of blood HCO; at increasing levels. At each level of blood HCO; one or two blood and urine samples were collected. In each experiment, blood HCO; concentration was raised sufficiently to increase urine pH to 7-8 or higher. During maximal alkalinization of the urine the gradient between urine and blood Pco, (U-B Pco2) was measured. The magnitude of this gradient allows assessment of distal acidification [40,4 1 I.
Results are presented as means f 1 SE. Statistical significance between group means was determined by Student's t-test. Control and experimental data from the same animal were compared by paired t-test. P values of less than 0-05 were considered significant.
Results
Clearance data in groups I, 2 and 3 Table 1 presents the data from the three experimental groups. The G F R fell significantly 24 h after glycerol, i.e. by 78% in group 1 (water drinking), by 64% in group 2 (saline-loaded) and 59% in group 3 (rechallenged), when compared with their saline-injected controls. The G F R of acute renal failure animals in group 1 was significantly lower than that in groups 2 and 3 (both P < 0.01). Blood urea nitrogen concentration rose significantly in all glycerolinjected animals, but it remained low in controls. These data indicate that glycerol produced a significant degree of acute renal failure, regardless of whether the animals were chronically salineloaded (group 2) or rechallenged with a second glycerol injection (group 3).
None of the animals with acute renal failure was oliguric (urine flow was similar in all acute renal failure and control animals) or hyperkalaemic. Fractional water (V/GFR), Na, K and PO, excretions (FE,,, FE,, FEpoI) were highest in acute renal failure animals of group 1. The rise in FEPo4 in group 3 was less than that observed in groups 1 and 2 (Table 1) . This is not surprising, because proximal tubular function in these animals was intact. It is likely, therefore, that the observed increase in FE,, resulted in group 3 from secondary hyperparathyroidism, whereas in groups 1 and 2 defective proximal tubular reabsorption caused an additional rise in phosphate excretion. Control and acute renal failure animals in each group had similar body weights. Both in control and acute renal failure animals of group 2, blood urea nitrogen levels were lower than those in comparable animals of groups 1 and 3. The fall in GFR was, however, of the same magnitude as that seen in group 3 acute renal failure rats. This observation is important, because in several previous studies [ l , 7-10, 12, 16, 171 (which have suggested that chronic salt loading or a prior episode of acute renal failure protects against the development of acute renal failure) only blood urea nitrogen measurements were used to assess the degree of renal insufficiency. Thus blood urea nitrogen levels cannot be used as the sole variable to assess acute alterations in GFR adequately in animals with acute renal failure, and saline-loaded acute renal failure animals might have an elevated urea clearance when compared with their controls. Fig. 1 illustrates alterations in blood urea nitrogen after two temporally separate glycerol injections in group 3. The pre-glycerol blood urea nitrogen was normal in all animals and rose significantly within 24 h of the first glycerol injection. Thereafter blood urea nitrogen returned to control levels within 7-15 (mean 11) days. Twenty-four hours after the second glycerol injection, blood urea nitrogen rose again (paralleled by a fall in GFR, see Table 1 ) to a level similar to that seen after the first glycerol administration. It has been suggested that the repeated injection of glycerol into the same muscle group could be less effective in eliciting acute renal failure 1181. The first glycerol dose was thought to deplete these muscles of a nephrotoxic principle, thus causing an amelioration of acute renal failure when the same muscle group is injected for the second time. In order to eliminate this possibility in the present study, 12 animals received the first glycerol injection into the left hindleg and six of the 12 received the second injection into the right hindleg. The blood urea nitrogen 24 h after the first dose of glycerol rose from 19.4 f 1.8 to 46.0 f 8-0 mg/dl (P < 0.01).
After the second glycerol injection into the opposite hindleg (i.e. after blood urea nitrogen levels had returned to normal), blood urea nitrogen rose within 24 h to 38 4.5 mg/dl (P < 0.01), a value similar to that seen after the first injection. The second rise in blood urea nitrogen and the attendant fall in GFR, 1 -1 k 0-1 in acute renal failure vs 2.7 f 0 . 2 ml/min in six saline-injected control animals (P < O-Ol), was qualitatively not different from that observed in the bilaterally injected acute renal failure animals of group 3. Therefore these data confirm that a preceding glycerol injection does not ameliorate the degree of acute renal failure by reducing the availability of a myogenic nephrotoxin.
Glucose reabsorption in groups 2 and 3
Tables 2 and 3 and Figs. 2 and 3 show the data from this experiment. Chronic salt loading (group 2, Table 2 ) did not prevent a significant fall in GFR and a parallel, albeit small, rise in blood urea nitrogen after glycerol was injected. At identical low glucose levels, acute renal failure animals exhibited marked glycosuria and a pronounced depression in tubular glucose reabsorption (T,/GFR) (Table 2, Fig. 2) . During glucose loading T,/GFR was also markedly depressed in comparison with that of control animals. These data demonstrate that chronic salt loading neither prevented proximal tubular damage nor acute filtration failure. The mag- For abbreviations see the legend to Table 2 . Control animals (n = 7); ARF, glycerol-injected animals (n = 6). nitude of depression in T,/GFR seen in salineloaded animals was similar to that observed in water-drinking animals 1381. In contrast, the acute renal failure animals in group 3 (rechallenged) reabsorbed glucose relatively normally and GFR was significantly depressed (Table 3 , Fig. 3 ).
HCO; reabsorption in groups 2 and 3
Chronic saline loading (group 2) did not prevent the depression in THcor/GFR during HCO, loading (Table 4, Fig. 4) . Acute renal failure animals had mild hyperchloraemic metabolic acidosis before HCO; loading: blood pH, 7-31 f 0.01 in acute renal failure and 7-48 f 0.03 in controls ( P < 0.001); serum CI, in acute renal failure rats 126.3 f 1.4 and in controls 109.3 f 1.4 mmol/l (P < 0.001).
Because the anion gap (calculated as serum was similar in acute renal failure (7.1 f 1.4 mmol/l) and control animals (9.1 f 1.8 mmol/l, N.S.) and, because distal acidification (see below) was intact, we conclude that the metabolic acidosis seen in saline-loaded acute renal failure rats resulted from proximal tubular HCO; wastage, i.e. it represents a form of proximal tubular acidosis. A similar type of hyperchloraemic metabolic acidosis could theoretically result from reduced distal sodium delivery. The latter, however, was not observed in these animals (see Table 1 ).
The rechallenged animals (group 3) developed acute renal failure and reabsorbed HCO; like Fig. 5 ). The animals with acute baseline U-B P c o , values than did control renal failure did not develop metabolic acidosis animals, i.e. before HCO; loading (Table 6 ). 24 h after glycerol.
Because urinary HCO; concentration and urine pH were similar in control and acute renal failure animals, the increase in U-B PCO, must have resulted from the higher urinary phosphate Tables 6 and 7 present the data from this concentration in acute renal failure animals,
Urine-blood PCO, in groups 2 and 3 experiment. Chronic saline-loaded animals especially since the urine pH was close to the pK (group 2) with acute renal failure had higher for phosphate buffer (6.8) [ and pH rose to similar levels in control and acute renal failure animals with HCO: loading. U-B Pco, at a time when urine pH was above 7.8 was no different in acute renal failure and control rats. These data indicated that the distal urinary acidification in saline-loaded animals with acute renal failure remained intact, whereas proximal tubular HCO; wastage caused hyperchloraemic metabolic acidosis (see above). Glycerol-rechallenged animals (group 3) developed acute renal failure (Table 7) and had U-B Pco, values both before and after HCO; loading that did not differ from those of controls. These data demonstrate that animals with a second episode of glycerol-induced acute renal failure did not develop proximal or distal tubular acidification defects.
The maximal urinary concentrating capacity was not examined in this study. Urinary HCO; concentration during bicarbonate loading, that is when U-B Pco, was measured, was, however, in a similar range both in saline-loaded (group 2) and glycerol-rechallenged (group 3) animals (see Tables 6 and 7) . This was achieved at comparable blood HCO; levels (see Tables 4 and 5 ) and thus comparable filtered loads. It follows that the urinary concentrating capacity in salineloaded (group 2) and glycerol-rechallenged Controls, n = 10; acute renal failure animals, n = 10.
(group 3) animals with acute renal failure was similar. This is further corroborated by the similarity of TcH,O (free water reabsorption) in group 2 and 3 animals (0.13 k 0.01 vs 0.08 f 0.02 ml min-', N.S.) respectively. These data taken together suggest that in acute renal failure distal tubular function as assessed by U-B PCO, is intact and urinary concentrating capacity is impaired to a similar degree in experimental groups.
Discussion
The present study demonstrates that chronically salt-loaded or previously glycerol-challenged animals developed a significant fall in GFR when injected with glycerol. neither glucose and HCO; reabsorption nor distal acidification and K+ excretion were different from that of controls. Therefore these data show that chronic saline loading failed to prevent the development of proximal tubular dysfunction or a fall in GFR. A prior episode of acute renal failure, on the other hand, prevented the development of a proximal tubular defect, and GFR again fell significantly. Because all observations were made 24 h after glycerol, it is obvious that the present data provide no information regarding the later course of acute renal failure in saline-loaded or rechallenged animals. Several earlier studies reported that chronically salt-loaded animals experienced a much hastened recovery from acute renal failure 11-4, 121, but an early (3-7 h after glycerol) decline in GFR similar to that seen in water-drinking animals [31.
The very pronounced alterations in proximal tubular function seen in salt-loaded rats (group 2) strikingly resemble those reported by us in non-dehydrated rats [381. DiBona et al. [4l showed furthermore that chronically salineloaded rats developed a mild degree of HgC1,-induced acute renal failure and proximal tubular necrosis was of severity similar to that seen in water-drinking animals. Ryan et al. 171 made similar observations in salt-loaded rats treated with uranyl nitrate. These two groups of investigators concluded, from their data, that chronic saline loading suppressed intrarenal renin levels, thus ameliorating an angiotensin IImediated fall in GFR. This notion, however, is in conflict with our recent observation that intrarenal angiotensin I1 levels are not suppressed in chronically saline-loaded rats injected with glycerol [ 351. Several other investigators have also presented data which suggest that the protective effect of saline loading can be dissociated from effects of depressed intrarenal renin levels 112, 371. Hsu et al. [ 1 11, using the glycerol and HgCl, models of acute renal failure, showed that p-aminohippurate and tetraethylammonium uptake by renal cortical slices was equally depressed in water-drinking (azotaemic) and chronically saline-loaded (protected) rats. These and our data therefore demonstrate clearly that chronic saline loading fails to prevent proximal tubular necrosis and dysfunction in various models of acute renal failure and furthermore that a significant degree of filtration failure occurs within 24 h of glycerol administration.
We have since examined rats challenged and rechallenged with HgCl, (3 mg/kg subcutaneously) with a protocol identical with that of this study. The data obtained 24 and 48 h after the rechallenge were essentially identical with those obtained in this study, i.e. GFR was depressed by 60% and glucose and HCO; reabsorption were normal (data not shown). These data taken together also suggest that there exists only a variable correlation between impaired proximal tubular function and reduction in GFR. This is clearly demonstrated by the fact that glycerol-rechallenged animals in group 3 exhibited a 60% fall in GFR, whereas no defect in tubular glucose or HCO; reabsorption was detected. Thus these animals represent an experimental condition in which a fall in GFR occurs in the presence of maintained proximal tubular function, i.e. a condition where tubular damage is dissociated from the decline in GFR. It could be argued that the recovering kidney is completely resistant to acute renal failure, i.e. both at the glomerular and tubular level (intact glucose and HCO; reabsorption), and that the observed depression in GFR resulted from volume contraction. Although this cannot be completely ruled out the following facts militate against this possibility. The blood pressure after rechallenge was unchanged. Both glucose and HCO; loading are usually associated with slight volume expansion, which should cause a rise in GFR. Glomerular filtration rate rose, however, only in the saline-loaded (group 2) and not in the rechallenged (group 3) animals (Tables 2-4, thus suggesting that the saline-loaded and not the rechallenged animals showed evidence for a prerenal component of renal failure. This is not surprising, because this group of animals exhibited an extensive defect in proximal tubular reabsorption. Finally, other investigators [ 18, 361 found the renal renin content and release to be normal or high in rats rechallenged with glycerol or HgCl,. This rules out the possibility that a depression of intrarenal renin and, inferentially, angiotension I1 might have ameliorated the fall in GFR.
The reason why proximal tubular cells, damaged in the course of a first episode of acute renal failure, remained functionally intact when rechallenged is unknown. From work on different models of acute renal failure it was suggested that a change from functional to proliferative metabolism conferred resistance (against cell damage) on regenerating tubular cells 1171. According to this notion, one would expect, however, that proximal tubular reabsorption is still subnormal (i.e. when metabolism is proliferative) at a time when the animals are rechallenged. Since the present study demonstrated intact proximal tubular function both in control and rechallenged rats (group 3), the above explanation is not entirely tenable. An alternative explanation for the protection against filtration failure observed by others during rechallenge is the suggestion of Schubert et al. [171 that regenerating cells exhibit a reduced capacity to retain nephrotoxins. This suggestion also seems unlikely in view of the fact that (1) proximal and distal tubular function were normal in rechallenged rats of this study and that (2) glycerol-rechallenged rats experienced a degree of haemolysis and haematuria similar to that seen in controls [161. These two points suggest that the quantity of endogenous nephrotoxin released is not diminished under the experimental conditions of this study and that otherwise normally transporting tubular cells should retain these nephrotoxins normally.
In summary, the present data show that chronic saline loading or a prior episode of acute renal failure produced only a modest degree of protection against filtration failure when studied by [12SIliothalamate clearance (24 h after glycerol). Saline loading failed to prevent severe proximal tubular dysfunction, whereas proximal tubular function remained normal in rechallenged rats with renal insufficiency.
We conclude that an acute fall in GFR can be associated (saline-loaded rats) or dissociated (rechallenged rats) from a concomitant defect in proximal tubular reabsorption. The underlying mechanisms for the tubular cell resistance against a second glycerol challenge remains unknown and the role of proximal tubular function in the pathogenesis of acute renal failure requires further study.
